The vibration spectrum and m olecular configuration of 1 : 4-dioxane
I n t r o d u c t i o n
In an earlier communication (Ramsay & Sutherland 1947 ) the physical evidence for the structure of the cyclohexane molecule was shown to favour a 'chair' con figuration, and a satisfactory interpretation of the ring frequencies of the molecule was obtained by applying a simple valency force field. In this paper the results of a similar investigation o f the structure of the dioxane molecule are presented.
The five possible ring structures for the dioxane molecule are (i) a planar con figuration with symmetry D ih> (ii) a 'chair' or trans -configuration with symmetry C2h, (iii) a symmetrical 'boat' or cis-configuration with symmetry C2v, (iv) an unsymmetrical 'boat' or cis-configuration with symmetry C2, (v) an irregular con figuration with no symmetry elements. • , carbon atom X-ray data for the structure of the dioxane molecule appear to be lacking, but the electron diffraction data of Sutton & Brockway (1935) showed that the molecule exists predominantly in the 'chair' form. Assuming all the carbon-bond angles to be. tetrahedral and the C-C bond length to be 1*54 A, they obtained values of 1*46 + 0*04 A for the C-0 bond length and L10 + 5° for the oxygen-bond angle. The different symmetries of the above structures enable them to be distinguished further by the different numbers of fundamental vibration frequencies active in the infra-red and Raman spectra and by differences in the states of polarization of the Raman lines. This spectroscopic evidence for the configuration of the dioxane molecule is discussed in the following sections. An attempt is then made to calculate the vibration frequencies of the dioxane ring using a simple valency force field and hence derive information concerning the strengths of the C-C and C-0 bonds in the molecule.
Vibration spectrum and molecular configuration of dioxane

E x p e r i m e n t a l
The infra-red absorption of dioxane between 1500 and 700 cm.-1 in the vapour and in the liquid was measured using a Hilger D209 double-beam spectrometer with a rock-salt prism. The dioxane was dried over sodium and distilled through a Fenske column, the constant-boiling middle fraction being used. The vapour absorption was measured using a 25 cm. cell with rock-salt windows. Liquid dioxane was contained in a small side bulb, the vapour pressure in the cell being determined by the temperature of the bulb. To prevent condensation of dioxane vapour on the rock-salt windows, the cell was heated electrically and maintained at a higher temperature than the bulb. The absorption curves for different pressures of dioxane vapour are given in figure 2 and the frequencies are listed in table 1. Pressures up to 200 mm. Hg were investigated, but the only additional band which began to appear was a very weak 740 cm.-1 frequency.
The absorption of liquid dioxane was measured using a rock-salt cell of thickness 0*01 mm. The frequencies agreed well with those observed in the vapour but were slightly displaced to lower frequencies. By comparing the absorptions of the liquid and the vapour it is seen that the 1042 and 1066 cm.-1 frequencies in the spectrum of the latter are P and JR branches of a band with a strong central Q branch at 1054 cm.-1. Similarly, the vapour bands at 1450 and 1461 cm.-1 are due to rotational contour of a single band. The 880 and 889 cm.-1 frequencies in the vapour spectrum, however, are distinct vibrational frequencies corresponding to the two frequencies at 874 and 887 cm. The dioxane molecule possesses 3 x 14-6 = 36 normal modes of vibration which may, to a first approximation, be described as 8 C-H stretching vibrations, 4 H-C-H bending vibrations, 12 >CH2 rocking and twisting vibrations, 6 C-0 and C-C stretching vibrations and 6 C-O-C and O-C-C bending vibrations. The frequency ranges in which these various types of vibration may be expected to appear is Vibration spectrum and molecular configuration of T a b l e 1. I n f r a -r e d a n d R a m a n f r e q u e n c i e s o f 1 : 4-d i o x a n e infra-red (cm. 735 (0) 753 (0) 835 (10) 852 (0) 880 874 (8) 889 887 (7) 1020 (0s)
1086 (7) 1111 (3) 1136 1124 (8) 1125 (3) 1215 (4) 1262 1255 (7) 1292 1290 (5) 1304 (7) 1327# 1324 (1«) 1331 (0) 1370 1367 (3) 1443 ( It is seen that the less symmetrical structures could only be permitted by pos tulating that several of the frequencies had not been observed. In view of the care taken to find weak bands in the infra-red spectrum, this explanation is unlikely. Moreover, only occasional coincidences are observed between the experimental infra-red and Raman frequencies indicating that the selection rules are mutually Thus although the numbers of infra-red and Raman-active fundamentals are not consistent with structures of low symmetry, unless present in small amounts which escape spectroscopic detection, the evidence does not differentiate con clusively between the 'chair' and planar configurations. The appearance of four well-defined infra-red bands in the region 2800 to 3000 cm.-1, however, favours the 'chair' structure. S y m m e t r y p r o p e r t i e s o f n o r m a l v i b r a t i o n The geometric forms of the normal vibrations were obtained using these symmetry relations and the property that all the normal vibrations must be mutually ortho gonal. These are given in figure 4. The symmetry co-ordinates were obtained by expressing these vibrations in terms of q and a and are given in figure 5. These equations were checked by putting ma = = = and ca -cb -c, when it was found that the equations reduced to the earlier equa tions for cyclohexane (Ramsay & Sutherland 1947) in the following manner:
36-2 T a b l e 2 . S y m m e t r y c l a s s e s o f n o r m a l v i b r a t i o n
A s s i g n m e n t o f f r e q u e n c i e s Before attempting to evaluate the vibration equations it is helpful to consider the evidence which can be derived from the states of polarization of the Raman lines, the contours of the infra-red bands and the corresponding assignments for cyclohexane. Unfortunately, no satisfactory polarization measurements are avail able to assist the assignment of the Raman frequencies, but it is almost certain that the intense Raman line at 835 cm.-1 is the totally symmetrical class ' breathing ' frequency (cf. the strong cyclohexane frequency at 802 cm.-1). Since the dioxane frequency is slightly greater than the cyclohexane frequency despite an increase in the mass of the molecule, this would imply that the stretching constant of the C-0 bond is greater than the C-C value for cyclohexane. The doubly degenerate class Elg Raman line at 426 cm. The molecule thus approximates to a symmetric top. According to Gerhard & Dennison (1933) , vibrations involving changes of electric moment parallel to the greatest axis of inertia should give bands with P , Q and R branches. Using the mean value of IA and IB for the least moment of inertia, the P -R separation was calculated using the doublet formula of these authors and found to be 24 cm.-1 at 30° C. The contours of the perpendicular bands were obtained by reference to the curves of Gerhard & Dennison (1933) for different values of 1. For dioxane /? = -0*436, hence the perpendicular bands should also show a structure, the Q branch, however, being less prominent than for the parallel bands and the doublet separation being somewhat smaller.
The four bands in the vapour spectrum between 2800 and 3000 cm.-1 observed by McKinney et al. (1937), using a prism grating spectrometer, all showed P , Q, R structures with pronuxaent Q branches. Since these bands may be assigned to C-H stretching vibrations, they would be expected to show predominantly parallel type contours. The P -R separations as measured from the curves of the above authors varied from 18 to 23 cm.-1 at 26*6° C in reasonable agreement with the calculated value. The three ring vibrations between 750 and 1350 cm.-1 in the infra-red spec trum should all give perpendicular type bands. Of the six CHa rocking and twisting vibrations active in this region, four should give perpendicular type bands and the other two should give bands with hybrid parallel-perpendicular type contours. Hence in all there should be seven perpendicular type bands and two with hybrid contours. The only band in this region with a structure has well-defined Q and R peaks at 1054 and 1066 cm.-1, the P branch appearing as a weak shoulder at 1042 cm.-1. The P -R separation agrees with the value calculated for a parallel band, hence this frequency cannot be assigned to a ring vibration. It must be due to a ^>CH2 rocking motion.
With this preliminary information a complete assignment of the ring frequencies was attempted by evaluating the vibration equations. Initially it was assumed that the stretching constant of the C-C bond and the deformation constant of the carbon bond angle were the same as for cyclohexane, viz. kc,c = 3*7 x 105 dynes/cm. and c0^c -1*04 x 10-11 dyne cm./radian. The C-0 stretching constant was taken as 4*45 x 10s dynes/cm. and the deformation constant for the C-O-C bond angle as 1*4 x 10-11 dyne cm./radian, the latter value being chosen to get agreement with the assignment of the 485 cm.-1 frequency to class
The vibration equations were then solved by means of the electrical calculating machine described by Mallock (1933), the frequencies being given in table 5.
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It is interesting to note that the values of the stretching constant of the C-C bond and deformation constant of the carbon bond angle for dioxane are essentially the same as for cyclohexane. For the latter molecule it was shown that the C-C bond was considerably weaker than in ethane (Ramsay & Sutherland 1947) , hence this weakening also persists in dioxane. It is seen from table 6 that the C-C bonds in cyclopropane and ethylene oxide also appear to be weaker than in ethane.
Values for the stretching constants of the C-0 bonds in various molecules are given in table 6. 
